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The S6 kinases (S6Ks) have been linked to a number of cellular
processes, including translation, insulin metabolism, cell sur-
vival, and RNA splicing. Signaling via the phosphotidylinositol
3-kinase and mammalian target of rapamycin (mTOR) path-
ways is critical in regulating the activity and subcellular localiza-
tion of S6Ks. To date, nuclear functions of both S6K isoforms,
S6K1 and S6K2, are not well understood. To better understand
S6K nuclear roles, we employed affinity purification of S6Ks
from nuclear preparations followed by mass spectrometry anal-
ysis for the identification of novel binding partners. In this
study, we report that in contrast to S6K1, the S6K2 isoform spe-
cifically associates with a number of RNA-binding proteins,
including heterogeneous ribonucleoproteins (hnRNPs). We
focused on studying the mechanism and physiological relevance
of the S6K2 interaction with hnRNP F/H. Interestingly, the
S6K2-hnRNP F/H interaction was not affected by mitogenic
stimulation, whereas mTOR binding to hnRNP F/H was
induced by serum stimulation. In addition, we define a new role
of hnRNP F in driving cell proliferation, which could be partially
attenuated by rapamycin treatment. S6K2-driven cell prolifera-
tion, on the other hand, could be blocked by small interfering
RNA-mediated down-regulation of hnRNP F. These results
demonstrate that the specific interaction between mTOR and
S6K2 with hnRNPs is implicated in the regulation of cell
proliferation.

Regulation of cellular processes by extracellular stimuli, such
as growth factors and nutrients, is an essential process in cell
size and cell cycle control. The mammalian target of rapamycin
(mTOR)? is a key regulator of cellular signaling and is highly
dependent on the presence of nutrients, as well as growth fac-
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tor-stimulated signaling from the phosphotidylinositol 3-ki-
nase (PI3K) pathway. Activation of PI3K by a number of growth
factor receptors leads to increased levels of phosphatidylinosi-
tol 3,4,5-triphosphate (1), a secondary messenger that recruits
downstream kinases, such as 3-phosphoinositide-dependent
kinase 1 (PDK1), to the plasma membrane (2). Membrane-as-
sociated PDK1 in turn phosphorylates and activates Akt at the
T loop (3, 4), whereas activated Akt phosphorylation of tuber-
ous sclerosis complex 2 (TSC2) blocks its inhibitory role in
mTOR signaling (5, 6). TSC2 forms a heterodimer with TSC1,
which as a complex acts as a GTPase activator toward the small
GTPase, Rheb (Ras homolog enriched in brain) (7, 8). Rheb
associates directly with the catalytic domain of mTOR and acti-
vates it by antagonizing FKBP38, the proposed endogenous
inhibitor of mTOR (9). Activated mTOR with its interacting
partner protein Raptor, as part of the mTOR complex I
(mTORC1) is able to phosphorylate S6Ks (at Thr*®*® in S6K1
and Thr*®® in S6K2) (10). This early phosphorylation event is
required for subsequent phosphorylation by PDK1 of Thr?**®
and Thr*?® in the activation loops of S6K1 and S6K2, respectively
(11). Phosphorylation by both mTORC1 and PDK1 leads to
S6Kactivation, resultingin full activation of S6Ks and phosphor-
ylation of its downstream targets.

mTOR and its downstream effector S6 kinase (S6K) have
been methodically demonstrated to regulate cell size in both
mouse (12) and Drosophila (13) knockout studies. More
recently, it was also demonstrated that the mTOR kinase and
S6K2 have the ability to regulate cell proliferation and cell cycle
progression (15, 16). Most studies on S6K regulation and func-
tion focused on S6K1, establishing that S6K1 is able to regulate
a number of key cellular processes, including insulin metabo-
lism (17, 18), cell survival (19, 20), translation (21-24), and
more recently RNA splicing (25). Inactive S6K1 was reported to
localize on the translational preinitiation complex through its
interaction with eukaryotic initiation factor 3. Upon stimula-
tion, mTOR arrives at the preinitiation complex leading to
phosphorylation and activation of S6K1. As such, S6K1 is part
of the cytoplasmic translational preinitiation complex (24).

Of the two isoforms of S6Ks, S6K2 harbors a C-terminal
nuclear localization sequence that is absent in S6K1 (26 -28),
which indicates a distinct nuclear role of S6K2 from that of
S6K1. Nuclear/cytoplasmic shuttling of S6Ks could be regu-
lated by upstream kinases. The protein kinase CK2 phosphory-
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lates S6K1 at Ser'”, and this signaling event induces nuclear
export of S6K1 (29). Similarly, phosphorylation of Ser®®®
located within the C-terminal nuclear localization sequence of
S6K2 by protein kinase C leads to cytoplasmic retention of
S6K2 (30). Known S6K functions in the nucleus include phos-
phorylation of the cAMP response element modulator CREM T
(31) and, more importantly, regulation of cap-dependent RNA
splicing through S6K1 interaction with the SKAR (S6K1 Aly,
Ref-like target) protein (25).

Deregulation of S6K signaling has been linked to various
human pathologies, including cancer and diabetes. Gene ampli-
fication and overexpression at mRNA and protein levels were
reported for both S6K1 and S6K2 in various malignancies.
Interestingly, overexpression and higher nuclear localization of
S6K2 were observed in human breast cancer (14) and also were
linked to pro-survival and chemoresistance signaling in small
cell lung cancer (20).

Heterogeneous ribonucleoproteins (hnRNPs) were first
identified as a large group of chromatin-associated RNA-bind-
ing proteins. Early studies identified six core hnRNPs that indis-
criminately associate with nascent RNA polymerase II tran-
scripts and are packaged to form hnRNP particles (32, 33).
Subsequently, it was further determined that the hnRNP-
hnRNA interaction is far more complex than previously envis-
aged by the isolation of more hnRNPs associating with RNA,
along with the observation that each individual hnRNP con-
tains RNA-binding motifs that exhibit different RNA sequence
binding preferences (34). Although first suggested to function
as a large macromolecular complex, more recent reports on
hnRNPs have been limited to individual hnRNP effects, includ-
ing RNA splicing, internal ribosome entry site translation, RNA
polymerase II regulation, and telomeric regulation (for review
see Ref. 35).

Although hnRNPs F and H are two hnRNPs with high struc-
tural homology, they are expressed from distinct genes (36).
Both hnRNPs F and H have three RNA recognition motifs with
binding preferences of GGGA (37) or DGGGD (where D rep-
resents a U, G, or A nucleotide) motifs (38). In addition, hnRNP
F/H have an extensive glycine-rich domain near the C termi-
nus, which may facilitate hetero- or homodimerization
between hnRNP F and H (39). hnRNP F/H are able to catalyze
splicing events in both viral (40 —43) and nonviral transcripts
(44 —46) and have a possible role in transcription through their
association with RNA polymerase II (46) and the TATA-bind-
ing protein (47).

Here, we present for the first time a novel interactive and
functional nuclear complex of the signaling kinases, mTOR,
and S6K2 with heterogeneous ribonucleoproteins. First, affin-
ity co-immunoprecipitation followed by mass spectrometry
allowed us to identify a number of RNA-binding proteins asso-
ciating with nuclear S6K2. We further demonstrated that S6K2
and mTOR-Raptor specifically associate with several hnRNPs
as part of a macromolecular complex iz vivo. The interaction of
hnRNP F/H with mTOR, but not S6K2, was inducible by the
addition of fetal bovine serum, which could be abolished by
pretreatment of cells with the mTOR inhibitor, rapamycin. In
the course of this study, we defined a new functional role for
hnRNP F in the regulation of cell proliferation. Overexpression
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of hnRNP F, but not hnRNP H, promotes cell proliferation, with
a reverse effect observed in siRNA knockdown of hnRNP F.
Furthermore, hnRNP F-driven cell proliferation was observed
to be mTOR-dependent because the addition of rapamycin,
which blocks mTOR association with hnRNP F, had an inhibi-
tory effect on the hnRNP F-driven cell proliferation. These
results suggest that both S6K2 and mTOR function in the
nucleus along with hnRNP F to regulate cell proliferation via a
mechanism that is yet to be determined.

EXPERIMENTAL PROCEDURES

Materials Used for Cell Treatment—Rapamycin (25 nm),
LY294002 (20 um), and PD 098059 (10 M) were obtained from
LC Laboratories. Cisplatin was purchased from Sigma.

Antibodies and Sera—Anti-hnRNP F/H (sc-32310), anti-
hnRNP C1/C2 (sc-32308), and anti-tubulin (H-235) antibodies
were acquired from Santa Cruz Biotechnologies. Anti-hnRNP
U antibodies (R6278) and anti-actin 8 antibodies (AC15) were
acquired from Sigma-Aldrich. Anti-lamin (2032) antibody was
purchased from Cell Signaling Technologies.

Generation of Tetracycline-inducible S6K Cell Lines—p70S6K1
and p54S6K2 ¢cDNA sequences with the N-terminal EE (Glu-
Glu) tags were cloned into pcDNA4/TO-inducible plasmids
followed by transfection using Exgen 500 transfection reagent
(Fermentas) into a tetracycline-regulated expression system for
mammalian cells (T-Rex system; Invitrogen). EE-p70S6K1- and
EE-p54S6K2-expressing Hek293 T-Rex cells (termed
EE-p70S6K1Hek293 and EE-p54S6K2Hek293, respectively)
were selected in Dulbecco’s modified Eagle’s medium (DMEM,;
PAA Laboratories) supplemented with 10% (v/v) fetal bovine
serum (FBS; Hyclone), 5 ug/ml blasticidin (Sigma), and 100
pg/ml Zeocin (Sigma). EE tag monoclonal antibody is commer-
cially available and commonly used in immunoprecipitation or
immunoblot studies. Induction of exogenous protein expres-
sion was achieved by the addition of tetracycline at 2 ug/ml
working volume 12 h prior to analysis.

Generation of Myc-hnRNP F and Myc-hnRNP H Stable Cell
Lines—Full-length ¢DNA clones of human hnRNP F
(IRATp970C01109D) and hnRNP H (IRAUp969E013D) were
obtained from ImaGenes. hnRNP F with a Myc tag sequence
introduced at the N terminus of the coding region was ampli-
fied by PCR) using the forward primer 5'-ATCTCTAGAAAT-
GGAACAGAAGCTTATTTCCGAAGAGGATCTGATGCT-
GGGCCCTGAGGGA-3' and the reverse primer 5'-ATCGG-
ATCCCTAGTCATAGCCACCCAT-3'. Similarly, hnRNP H
with an N-terminal Myc tag sequence was amplified by PCR
with the forward primer 5'-ATCTCTAGAATGGAACAGA-
AGCTTATTTCCGAAGAGGATCTGATGATGTTGGGC-3'
and the reverse primer 5'-ATCGGATCCCTATGCAATGTT-
TGATTG-3'. The amplified sequences were digested with
Xbal and BamHI restriction endonucleases (Fermentas) and
cloned into pcDNA 3.1 (Invitrogen) mammalian expression
vectors. Myc-hnRNP F and Myc-hnRNP H clones were trans-
fected into Hek293 cells and selected by 800 wg/ml G-418 addi-
tion into cell culture growth medium (DMEM, 10% FBS). The
resultant cell lines were termed Myc-hnRNPFHek293 and
Myc-hnRNPHHek293.
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Cell Culture—Hek293, MCEF-7, A549, EE-p70S6K1Hek293,
and EE-p54S6K2Hek293 cells were grown as a monolayer in
DMEM supplemented with 10% (v/v) FBS and 5% (v/v) strep-
tomycin/penicillin mix (PAA), in a humidified atmosphere of
10% CO, at 37 °C. Myc-hnRNPFHek293 and Myc-hnRNPH-
Hek293 cells were maintained as with previously described cell
lines with the addition of G-418 to the growth medium at 200
pg/ml final concentration. For studies or the responses to
serum stimulation, the cells were grown to 60% confluency,
washed once with 1X phosphate-buffered solution, and fed
with serum-free culture medium for 24 h prior to addition of
FBS at a final 10% (v/v) concentration for the stated time points.

Cell Lysis and Fractionation—Total cell lysis was achieved by
addition of lysis buffer (20 mm Tris-HCl, pH 7.5, 1% Triton
X-100, 150 mm NaCl, 5 mm EDTA, 50 mMm NaF, and protease
inhibitor mixture; Roche Applied Science) to harvested cells on
ice for 30 min, followed by centrifugation at 14,000 rpm for 30
min at 4 °C on a bench top centrifuge to pellet cellular debris. In
cases where nuclear fractions was required, cultured cells were
trypsinized and washed once with 1X phosphate-buffered solu-
tion, followed by resuspension in ice-cold hypotonic buffer (20
mM HEPES, 0.5 mm dithiothreitol, protease inhibitor mixture
added, pH 7.9) for 15 min. 10% Nonidet P-40 was added after 15
min at a concentration of 40 ul/ml and vortexed for 10 s fol-
lowed by centrifugation at 800 X g for 1 min, 4 °C. The resulting
supernatant (cytoplasmic and cellular membrane fraction) was
removed and saved separately on ice. The pelleted nuclei were
washed once with hypotonic buffer supplemented with 240
pnl/ml of 10% Nonidet P-40 with nuclei pelleted by centrifuga-
tion at 800 X g for 1 min, 4 °C. The nuclei were further washed
and pelleted in hypotonic buffer alone. Ice-cold lysis buffer (20
mMm Tris-HCl, pH 7.5, 1% Triton X-100, 150 mm NaCl, 5 mm
EDTA, 50 mm NaF, protease inhibitor mixture) was added to
lyse nuclear pellet for 30 min at 4 °C, followed by centrifugation
at top speed for 30 min at 4 °C on a bench top centrifuge to
remove nuclear debris.

Immunoprecipitation—Immunoprecipitation of specific
proteins was carried out using appropriate antibodies specific
for the target protein. The antibodies were preincubated with
protein A-Sepharose beads (Amersham Biosciences) for 2 h.
Protein sample was added, and incubation was carried out at
4.°C on a rotating wheel overnight. Antibody-bounded beads
were centrifuged at 450 X gon a bench top centrifuge for 2 min.
The beads were washed with lysis buffer three times prior to
SDS-PAGE analysis. In studies involving elution of EE tag anti-
body-bound nuclear complexes, protein A-Sepharose beads
bound to EE antibody were washed three times with lysis buffer.
An equal volume of lysis buffer containing 0.3 ug/ul EE peptide
was added to the 50% antibody-protein A-Sepharose slurry. This
was left to stand for 10 min at room temperature, with gentle agi-
tation every 2 min to allow mixing. The suspension was centri-
fuged at 450 X gfor 2 min on a bench-top centrifuge. The resultant
supernatant (S6K sample and EE peptide) was collected for analy-
sis. The elution process was repeated two more times.

Mass Spectrometric Analysis—Excised bands were digested
in Trypsin, and the resulting peptides were processed for the
identification by mass spectrometry. 75-um-inner diameter
nanospray tips (New Objective) were used; the ion spray voltage
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was set to 2800 V, the ion source gas was set at 10, and the
interface heater temperature was 150 °C scanning across the
mass range of m/z 400-1600 over 1.12 s in an enhanced MS
scan. An enhanced resolution scan was then performed in
0.79 s. Information-dependent acquisition was employed for
enhanced product ion scans (MS/MS) to fragment the four
most abundant multiply charged ions from each enhanced res-
olution scan that had counts exceeding 90,000. Ions were
excluded after four fragmentations for 2 min, and MS/MS frag-
ments in the 7/z 100 -1600 range were acquired.

MS and MS/MS data were extracted and searched against the
NCBInr 20080210 data base, Homo sapiens taxonomy (127924
sequences) on a Mascot in-house server version 2.2.04 (Matrix
Science) using Mascot Daemon version 2.2.2 (Matrix Science).
The search parameters were peptide and fragment tolerances of
1 and 0.8 atomic mass unit, respectively, with one missed cleav-
age and carboamidomethylation of cysteines as a fixed modifi-
cation and oxidation of methionine, protein N-terminally
acetylated, Gln > pyro-Glu as variable modifications. Matches
with a significance p threshold of <0.05 were reported for con-
sideration for follow-up work.

Size Exclusion Chromatography—A Superose 6 HR size
exclusion chromatography column (GE Healthcare) was used
to separate different protein complexes obtained from MCEF-7
cell lysates. 2 mg of total protein in 500 ul of lysis buffer were
filtered through 0.2-um syringe filters (Millipore) and then
loaded onto the column. Elution was carried out in lysis buffer
in 24 fractions of 1 ml

Protein molecular weights were estimated by comparison
with five standards (Bio-Rad), and dextran blue was used to
determine the column void volume. The standards used gave
elution volumes 0f12.8,15.9,17.5,18.8, and 21.5 ml for globular
proteins of 670, 158, 49, 17, and 1.35 kDa, respectively.

SiRNA Knockdown of hnRNP F and hnRNP H (Cisplatin
Treatment)—The cells were plated in 0.5 ml of medium (24
wells) without antibiotics so as to achieve a confluency of 50%
on the next day. On the following day, 35 nmol of specific
siRNA was mixed in serum- and antibiotics-free medium. At
the same time, 3 ul of Oligofectamine (Invitrogen) was added to
12 ul of serum and antibiotics-free medium and incubated for 5
min at room temperature. The mixture of siRNA and medium
was then added to the Oligofectamine mix and left to stand for
20 min at room temperature to allow transfection complexes to
form. The resultant mix was added dropwise to cells. 6 h post-
transfection, the transfection mix containing medium was
replaced with normal growth medium. 48 h later, the cells were
treated with cisplatin at the stated different concentrations.
After a further 48-h period, the cells were fixed in 4% paraform-
aldehyde for 10 min before staining with 0.075% crystal violet.
Following three washes in distilled H,O, the plates were dried,
and the crystal violet precipitates were solubilized in 10% acetic
acid prior to optical density measurements at 590 nm.

Generation of GST-hnRNP F Domain Mutants—To express
generate GST fusion constructs of hnRNP F, we used human
hnRNP F (IRATp970C01109D) as a template and amplified
various fragments of hnRNP F using Pfu polymerase and spe-
cific sets of primers. Amplified fragments were cloned into
pGEX 4T3 expression plasmid, and the resulting constructs

JOURNAL OF BIOLOGICAL CHEMISTRY 17067



The S6K2-mTOR-hnRNP Complex

were transformed Rosetta (DE3) pLysS competent cells. The
expression of GST fusion proteins was induced by isopropyl
B-D-thiogalactopyranoside, and recombinant proteins were
purified on glutathione-Sepharose beads.

RESULTS

S6K2 Associates with RNA-binding Proteins in the Nucleus—
Although a cytoplasmic S6K1 complex regulating protein syn-
thesis was reported (24), nuclear complexes and functions of
S6K1 or S6K2 remain to be investigated. To identify novel bind-
ing partners of both S6K1 and S6K2 in the nucleus, we utilized
an affinity purification approach of overexpressed S6Ks cou-
pled with mass spectrometric identification. Tetracycline-in-
ducible T-Rex Hek293 cell lines were generated for EE-tagged
p70S6K1 and p54S6K2 overexpression. The expression of
EE-p70S6K1lor EE-p54S6K2 was induced by the addition of tet-
racycline for 12 h, followed by nuclear fractionation to enrich
cellular nuclei. Antibodies against the EE tag were used to iso-
late EE-p70S6K1 and EE-p54S6K2 together with associating
binding partners from the respective cell lines followed by SDS-
PAGE and silver staining (Fig. 1A). Surprisingly, immunopre-
cipitation of nuclear EE-p54S6K2 but not nuclear EE-p70S6K1
co-precipitated a number of associated proteins, indicating that
S6K2 has distinct nuclear functions from S6K1. These interac-
tions were shown to be S6K2-specific, because neither control pre-
cipitations using protein A-Sepharose beads alone nor the immu-
noprecipitation of EE-p70S6K1 using an identical anti-EE
antibody co-precipitate the distinctive pattern of binding proteins
observed with S6K2. Furthermore, S6K2 and its nuclear associated
proteins could be eluted from the nuclear immunocomplex by the
addition of competitive EE peptide (Fig. 1B), demonstrating that
associated proteins specifically associate with EE-p54S6K2 and
not with the protein A-Sepharose beads.

Protein bands co-precipitated with nuclear EE-p54S6K2
were excised from the SDS-PAGE gel and analyzed by NanoLC-
MS/MS. hnRNPs U, F, E1, and C1/C2, along with ATP-depen-
dent RNA helicase A and Aly/Ref, were identified as potential
S6K2 nuclear associating partners (Fig. 1, C and D), demon-
strating that a panel of RNA-binding proteins are able to asso-
ciate with nuclear S6K2.

hnRNPs Associate with S6K2 and mTOR-Raptor in Vivo—To
further establish the interactions identified by mass spectro-
metry, we investigated the specificity of the S6K2-hnRNP inter-
action by Western blot analysis. Immunoprecipitation of
nuclear EE-p54S6K2 from EE-p54S6K2Hek293 cells specifi-
cally co-precipitates hnRNP U, hnRNP F, and hnRNP C1/C2.In
addition, by using an antibody that detects both hnRNP F and
H, we found that hnRNP H, an hnRNP F-related protein, was
also found to co-precipitate with nuclear EE-p54S6K2 (Fig. 24).
These interactions were further confirmed by reciprocal immu-
noprecipitation of hnRNPs from EE-p54S6K2Hek293 nuclear
fractions, followed by Western blotting with S6K2 antibody
(Fig. 2B). Antibodies against hnRNPs were also applied in
Hek293 nuclear fractions and specifically co-precipitated
endogenous S6K2 but not S6K1, further demonstrating that
S6K2 (and not S6K1) interacts with hnRNPs (Fig. 2C). The
mTOR kinase is the S6K1/S6K2 upstream regulator and is
essential for signaling to S6K-mediated processes. We hypoth-
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esized that if S6K2 was found to interact with hnRNPs, the
mTOR kinase may also interact with hnRNPs. Indeed, immu-
noprecipitation of hnRNP F/H, but not hnRNP U and C1/C2
from Hek293 nuclear lysates, co-purified endogenous mTOR.
Furthermore, Raptor, the substrate-presenting molecule for
mTOR complex 1, also co-precipitated with hnRNP F/H (Fig.
2D), indicating that the endogenous mTOR complex 1 along
with S6K2 is able to associate with hnRNPs in vivo.

S6K2, mTOR, and hnRNP Form a Multimeric Protein Com-
plex in the Nucleus—Because S6K2 and mTOR-Raptor were
demonstrated to be hnRNP-interacting proteins, whereas
hnRNPs were previously suggested to be part of a multi-protein
complex, we sought to determine whether S6K2 and mTOR
form a complex with hnRNPs in the cell nucleus. Total cell
lysate from exponentially growing MCEF-7 cells was analyzed by
size exclusion chromatography to separate protein complexes
(Fig. 3A). hnRNPs U and C1/C2, along with mTOR were
observed to elute in high molecular weight fractions, whereas
S6K2 was localized predominantly in low molecular weight
fractions. Interestingly, hnRNP F/H was distributed through-
out all of the fractions analyzed, with peaks in both high and low
molecular weight fractions. The co-localization of hnRNPs,
mTOR, and S6K2 was found in high molecular weight fractions
(fractions 9—13), whereas S6K2 and hnRNP F/H was observed
in fractions corresponding to low molecular weight standards
(fractions 15—18).

To further elucidate the complex components of the hnRNP,
mTOR, and S6K2 interactions, antibodies against hnRNPs F/H
were used to isolate protein complexes from fractions 9-19,
respectively (Fig. 3B). Three distinct complexes were observed to
co-precipitate with hnRNP F/H. First, a complex involving all
hnRNPs, mTOR, and S6K2 was observed (Fig. 3B, fraction 9) in
high molecular weight size exclusion fractions. Second, a complex
of mTOR and hnRNPs but not S6K2 was also observed (Fig. 3B,
fractions 11 and 12). Finally, a low molecular weight complex of
S6K2 and hnRNP F/H was present in fractions 17 and 18.
Together, these results indicate that mTOR and S6K2 are able to
form complexes with hnRNPs of differing protein compositions.

Subcellular fractionation followed by immunoprecipitation
of hnRNP F/H indicated that the hnRNP-mTOR-S6K2 com-
plex is predominantly localized in the nucleus because the
mTOR and S6K2 interaction with immunoprecipitated hnRNP
F/H was significantly lower in the cytoplasm. This result is in
contrast to nuclear hnRNP F/H immunoprecipitations, where
all components of the hnRNP-mTOR-S6K2 complex were
clearly present (Fig. 3C).

mTOR, but Not S6K2, Interaction with hnRNP F/H Is Regu-
lated by Serum—Activation of the mTOR/S6K pathway is
highly dependent on the presence of nutrients and growth fac-
tors. To investigate whether the hnRNP-mTOR-S6K2 complex
formation could be regulated by growth factors, we serum-
starved Hek293 cells for 24 h, followed by the addition of FBS
for various time points prior to cellular nuclear fractionation.
Growth of Hek293 cells in serum-starved conditions reduced
mTOR, but not S6K2, interaction with hnRNPs F/H (Fig. 44).
Following the addition of FBS, an increase in mTOR interaction
with hnRNP F/H was observed in a time-dependent manner.
Similar to S6K2, hnRNPs U and C1/C2 interaction with hnRNP
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A EE-p70S6K1  EE-p54S6K2 B
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40kDa
32.5kDa — —
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IP: Anti-EE tag Nuclear No. Score
P hnRNP U Q00839 K.LNTLLQR.A 79
R.NFILDQTNVSAAAQR.R
K.SSGPTSLFAVTVAPPGAR.Q
b ATP-dependent Q28141 K.IMATPEQVGK.M 39
130kD hnRNP U RNA helicase A K.IISSDRDLLAVVFYGTEK.D
(DHX9)
100kD — DHX9 p54 S6K2 QoUBSO R.NILESVK.H 407
R.IGGGPGDAADVQRH
- R.HMNWDDLLAWR.V
A R.GKLALPPYLTPDAR.D
— S6K2 R.DLKPENIMLSSQGHIK.L
1gG R.VDPPFRPCLQSEEDVSQFDTR.F
55kDa hnRNP F R.NILESVKHPFIVELAYAFQTGGK L
K.ESIHEGAVTHTFCGTIEYMAPEILVRS
40kDa — hnRNP E1 hnRNP F P52597 R.YIEVFKSSQEEVR.S 241
—— hnRNP C1/C2 K.HSGPSADSANDGFVR.L
K.ITGEAFVQFASQELAEK.A
35KDa K.ATENDIYNFFSPLNPVR.V
R.VTGEADVEFATHEEAVAAMSK.D
—— Aly/Ref
25kD2 ' hnRNP E1 Q15365 K.IANPVEGSSGR.Q 51
R.ITLTGPTNAIFK.A
hnRNP C1/C2 P07910 R.VFIGNLNTLWK.K 47
Aly/Ref Q86Vv81l R.NRGAGGFGGGGGTR.R 118
K.QQLSAEELDAQLDAYNAR.M
R.NSKQQLSAEELDAQLDAYNAR.M
K.QYNGFPLDGRPMNIQLVTSQIDAQR.R

FIGURE 1. Mass spectrometric identification of RNA-binding proteins associated with S6K2. A, multiple nuclear proteins associate with EE-p54S6K2 but
not EE-p70S6K1. Nuclear fractions of EE-p70S6K1 and EE-p54S6K2 Hek293 cells, respectively, were isolated and subjected to affinity purification using anti-
bodies against EE tag. Isolated protein complexes were analyzed by SDS-PAGE followed by silver staining. Control precipitations were carried out in the
absence of antibodies. B, addition of EE peptide to EE-p70S6K2 nuclear precipitates elutes bound S6K2 and S6K2 interacting proteins. Three elutions (10 mg of
EE peptide in 30 ul of lysis buffer) were made in sequence (lanes 1-3), with lane 1 being the first elution, followed by lane 2 and lane 3. The beads left after elution
were also analyzed as a control. C and D, RNA-associated proteins were identified by NanoLC-MS/MS to interact with nuclear EE-p54S6K2. Matches with a

significance p threshold of <0.05 are shown in D). IP, immunoprecipitation; Con., control.
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immunoprecipitated from these
fractions and immune complexes
examined by Western blotting, we
observed that the mTOR and S6K2
interaction with hnRNP F/H redis-
tributed to different gel filtration
fractions, indicating a reorganiza-
tion of complex integrity (Fig. 4C).
hnRNP F Regulates Cell Prolif-
eration—As mentioned prior, both
S6K2 and mTOR have been re-
ported to be involved in the regula-
tion of cell proliferation (15, 16). We
therefore reasoned that if S6K2 and
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determine association.

F/H were not affected by serum deprivation or readdition, indi-
cating constitutive and growth factor-independent interaction
of S6K2 with hnRNPs. In addition, the FBS-induced mTOR-
hnRNP F/H interaction could be attenuated in the presence of
inhibitors of the mTORC1 pathway. The addition of rapamy-
cin, a direct inhibitor of mTORCI function, prior to serum
stimulation of Hek293 cells blocked serum-induced mTOR
association with hnRNP F/H (Fig. 4B). Similarly, PD 098059,
the MAPK pathway inhibitor, and to a lesser extent LY 294002,
which inhibits PI3K, reduced serum-induced association of
mTOR and hnRNP F/H, indicating that upstream signaling
pathways that are essential for mTOR regulation are important
in the association of hnRNP F/H and mTOR. We further inves-
tigated the effect of serum starvation and stimulation on the
mTOR and S6K2 association with hnRNP F/H by gel filtration
followed by the analysis of immune complexes by Western blot-
ting. We found that serum starvation or stimulation of MCE-7
cells did not observably alter the distribution of hnRNP F/H,
mTOR, and S6K2 when gel filtration fractions of whole cell
lysates were analyzed by immunoblotting with corresponding
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FIGURE 2. S6K2 and the mTOR-Raptor complex associate with hnRNPs U, F/H, and C1/C2.A, hnRNPs U, F/H,
and C1/C2 co-precipitate with nuclear EE-p54S6K2. Exponentially growing EE-p54S6K2 cells were harvested
followed by nuclear fractionation. Nuclear immunoprecipitations (/P) were achieved with antibodies against
the EE tag of overexpressed S6K2. Control purification was achieved by incubating equal amount of nuclear
fraction with protein A-Sepharose beads bound to an unrelated antibody. B, antibodies against hnRNPs U, F/H,
and C1/C2 were used, respectively, to co-precipitate EE-p54S6K2 using nuclear fractions as in A. C, hnRNPs
co-precipitate endogenous S6K2. Hek293 nuclear lysates was used along with antibodies specific to individual
hnRNPs. Western blots (WB) of co-precipitated proteins revealed that S6K2, but not S6K1, co-precipitates with
hnRNPs. D, mTOR and Raptor associate with hnRNPs. Antibodies specific to hnRNPs were used to purify immu-
nocomplexes in Hek293 nuclear fractions. Antibodies against mTOR and Raptor were used in a Western blot to

mTOR are present in complex with
hnRNPs, with inducible interac-
tions between mTOR and hnRNP
F/H, itis possible that hnRNPs, such
as hnRNP F and H might be in-
volved in the regulation of cellular
growth and proliferation. To inves-
tigate this possibility, hnRNP F and
hnRNP H were cloned, respectively,
into pcDNA3.1 vectors. A Myc tag
sequence was inserted in the N ter-
minus of hnRNP F and hnRNP H to
identify overexpressed proteins.
Stable cell lines were constructed
from the Myc-hnRNP F and Myc-
hnRNP H plasmids in Hek293 cells.
The Hek293 stable cell lines,
Myc-hnRNPFHek293 and Myc-
hnRNPHHek293, were investigated
along with pcDNA3.1 stable Hek293
controls in a cell proliferation assay.
Briefly, 25,000 cells were plated in
24-well plates, followed by analysis of cell number over 120 h of
exponential growth (Fig. 54). In contrast to Myc-hnRNP H and
pcDNA3.1 Hek293 controls, stable cell lines overexpression of
Myc-hnRNP F proliferate significantly faster. To further con-
firm the role of hnRNP F in cell proliferation, we used siRNA tar-
geting hnRNP F or hnRNP H to reduce the target proteins in A549
cells (Fig. 5B, left panel). In support of overexpression studies,
siRNA knockdown of hnRNP F, but not H, reduces the prolifera-
tion of A549 cells 3 days post-transfection, as compared with
scrambled controls. In addition, siRNA-mediated silencing of
hnRNP F in A549 (Fig. 5B, center panel) or Hek293 (Fig. 5B, right
panel) cells cultured in the presence of cisplatin, a chemotherapy
drug that targets actively proliferating cells, was observed to
exhibit higher survival rates as compared with scrambled controls,
further demonstrating that deletion of hnRNP F protein expres-
sion reduces cell proliferation. The reduction of cell proliferation
in hnRNP F siRNA-treated cells could also be observed at the bio-
chemical level. Hek293 cells were treated with either scrambled
siRNA, siRNA targeting hnRNP F, or siRNA targeting hnRNP H.
siRNA-treated cells were pulsed with BrdUrd for 2 h, followed by
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FIGURE 3.S6K2, mTOR, and hnRNPs are part of a multimeric complexin the cell nucleus. A, mMTOR and S6K2
co-localize with hnRNPs in size exclusion chromatography fractions. MCF-7 breast carcinomas cells were
grown exponentially and lysed. Total cell lysate was applied into a Superose 6 size exclusion chromatography
column. Complexes and proteins were subsequently eluted according to size into 1-ml fractions. 40 ul of each
fraction was loaded into a SDS-PAGE gel and analyzed by Western blot (WB) analysis. B, S6K2 and mTOR
co-precipitate with hnRNPs within individual fractions. 500 ul of each fraction (fractions 9-19) was subjected to
immunoprecipitation (/P) with antibody against hnRNP F/H. Co-precipitated hnRNPs, mTOR, and S6K2 were
analyzed by Western blotting. C, the hnRNP-mTOR-S6K2 complex is predominantly nuclear. Exponentially
growing Hek293 cells were separated into nuclear and cytoplasmic fractions as described under “Experimental
Procedures.” hnRNP F/H was immunoprecipitated from nuclear and cytoplasmic fractions, respectively, fol-
lowed by analysis of complex components by Western blotting.
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analysis by fluorescence-activated cell
sorter (Fig. 5C). Hek293 cells treated
with hnRNP F targeting siRNA incor-
porated significantly less BrdUrd in
the S phase, as compared with hnRNP
H siRNA or scrambled treated con-
trols, indicating a lower DNA replica-
tion rate in hnRNP F-deficient
Hek293 cells. These experiments
taken together clearly indicate a pro-
liferation regulatory role of the
hnRNP F protein.

Interdependence of mTOR, S6K2,
and hnRNP F in the Regulation of
Cell Proliferation—Because rapa-
mycin was able to block the mTOR
and hnRNP F interaction, we sought
to determine whether this interaction
is essential for hnRNP F-regulated cell
proliferation. Myc-hnRNPFHek293
or pcDNA3.1 control stable cell lines
were plated as before and allowed to
proliferate for 48 h. Rapamycin was
introduced into the cell growth
medium at this point, and the cells
were allowed to grow for a further
72 h in the presence or absence
of rapamycin. As expected, mock-
treated Myc-hnRNPFHek293 cells
were able to proliferate faster as
compared with control cells. Also not
surprisingly, the addition of rapamy-
cin blocked cell proliferation of
pcDNAS3.1 control cells. More impor-
tantly, the addition of rapamycin to
Myc-hnRNPFHek293 cells inhibited
hnRNP F-induced cell proliferation
to levels similar to Rapamycin-treated
control cells (Fig. 6A4), demonstrating
that hnRNP F-driven cell prolifera-
tion is partially dependent on the
mTOR kinase.

S6K2 has been previously re-
ported to drive cell proliferation
(15). This effect is also observed here,
where overexpression of S6K2 but not
S6K1 in Hek293 cells increased the
number of cells in the S phase in a
BrdUrd incorporation assay (Fig. 6B).
Here, we found that the addition of
hnRNP F-targeting siRNA, but not
hnRNP H siRNA nor scrambled con-
trols, to S6K2-overexpressing cells
abrogated the increase in the number
of cells in S phase because of S6K2
overexpression (Fig. 6C), demonstrat-
ing that hnRNP F is required for
S6K2-regulated cell proliferation.
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potential role independent of its
S6K1 isoform (27, 28). This has
partly been elucidated, because
S6K2 but not S6K1 has been shown

WB: mTOR to be localized to centrosomes in
cells (54). In addition, it has also
WB: hnRNP U been reported that S6K2 but not
S6K1 is able to regulate cell survival
WB: S6K2 (20). Similarly, S6K1 but not S6K2 is

involved with intron-containing
RNA splicing through its associa-
tion with SKAR (25). As such, cer-
tain roles of S6K1 and S6K2 have
been established to be distinct from
one another.

WB: hnRNP F/H

WB: hnRNP C1/C2

IP hnRNP F/H Input
Here, we present the evidence for
C IP hnRNP F/H IP hnRNP F/H a novel multi-protein complex in
_FBS +4 Hr FBS _FBS +4 Hr FBS the nucleus comprising of mTOR,
Fractions: 8 9 10 1112 8 9 10 11 12 13 14 15 16 17 13 14 15 16 17 S6K2, and a number of nuclear pro-
. y . teins. We demonstrated that of the
WB:MTOR | s e ST > 1 Nty —— e d two S6K isoforms, S6K2 is involved
g = . = in association with the hnRNP com-
WB: S6K2 - - - ...m S pp—— Plex, .with thfe specificijcy of ider}ti—
fied interactions confirmed using
WB:F/H e e—e—— P e e - wwwme=  Dboth overexpressed and endoge-

FIGURE 4. Interaction of hnRNPs with mTOR but not S6K2 is regulated by growth factors. A, interaction of
mMTOR, but not S6K2, is regulated by serum withdrawal and stimulation. Hek293 cells were grown to 70% confluency
followed by serum withdrawal for 24 h. Serum was reintroduced at a final concentration of 10% (v/v) for 1,2,and 4 h,
respectively. Nuclear fractions were obtained, and each sample was used in affinity purification of hnRNP F/H.
B, interaction of hnRNPs with mTOR, but not S6K2, were inhibited by specific PI3K and mTOR pathway inhibitors.
Hek293 cells were grown to 70% confluency and serum-starved for 24 h. Prior to serum stimulation, the starved cells
were treated with rapamycin (Rap, 50 nm), LY 294002 (LY, 20 mm), and PD 098059 (PD, 10 mm) for 30 min. After 4 h of
serum stimulation, the cells were harvested and nuclear fractionated. hnRNP F/H was affinity-purified from nuclear
fractions, and the co-precipitated proteins were analyzed. C, distribution of the mTOR-S6K2-hnRNP F complex
integrity in gel filtration in response to serum withdrawal and readdition. Gel filtration-derived fractions of serum-
starved MCF7 cell lysates were incubated with antibodies against hnRNP F/H, followed by Western blot (WB) analysis

of S6K2 and mTOR. IP, immunoprecipitation.

Taken together, these results suggest that the nuclear interactions
of mTOR, S6K2, and hnRNP F are involved in the regulation of cell
proliferation.

DISCUSSION

Since the discovery of S6K1 as the phosphorylating kinase for
the ribosomal protein rS6 (48 —50), our knowledge of the S6
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nous proteins in immunoprecipita-
tion and Western blot experiments.
In addition, we also observed that
the mTOR kinase, together with its
interacting protein Raptor, associ-
ates with hnRNPs. Of the two
mTOR complexes (mMTORC1 and
mTORC?2), it is the mTORC1 com-
plex that harbors the Raptor-associ-
ated protein. It is also the mTOR
complex that is involved in phos-
phorylation and regulation of the S6
kinases. Thus, identification of these interactions may indicate
regulation of S6K2 in the nucleus involving association with
hnRNPs. mTOR has been previously linked to another RNA-
associating protein, the splicing factor SF2/ASF (55). Together,
the work presented in this paper and that reported by Karni et
al. (55) demonstrate potential multiple nuclear roles of mTOR.
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FIGURE 5. hnRNP F drives cell proliferation. A, stable expression of exogenous Myc-hnRNP F drives cell
proliferation. 25,000 cells from Myc-hnRNP F, Myc-hnRNP H, and pcDNA (Pc) control expressing stable cell lines
(right panel) were plated, respectively, in FBS-containing DMEM. The cell numbers were determined by a Casy
cell counter every 24 h to determine total cell numbers (left panel). B, siRNA knockdown of hnRNP F but not H
reduces cell number and increases survival to cisplatin treatment. The cells were transfected with siRNA for the
different targets at 35 nm (right panel). 48 h later, the cells were further treated with cisplatin at different
concentrations. 48 h post-treatment, the cells were fixed in 4% paraformaldehyde for 10 min before staining
with 0.075% crystal violet. Following three washes in distilled H,O, the plates were dried, and the crystal violet
precipitates were solubilized in 10% acetic acid prior to optical density measurements at 590 nm (left panel). Sc,
scrambled; UT, untransfected; F, hnRNP F; H, hnRNP H. C, siRNA knockdown of hnRNP F decreases percentage
of cells in S phase. The cells were transfected with siRNA specific for either hnRNP F or hnRNP H at 35 nm. 48 h
post-transfection, cells were incubated with 5-bromo-2’-deoxyuridine 5’-triphosphate for 2 h followed by
fixation in 70% ethanol and analysis by fluorescence-activated cell sorter. WB, Western blot.

Because hnRNP F was found in a functional complex with
S6K2 and mTOR in the regulation of cell proliferation, we
attempted to further characterize hnRNP F interaction with
S6K2 at the molecular level. To answer this question, we have
generated a panel of GST fusion proteins, containing the full-
length and various domains of hnRNP F (supplemen-
tal Fig. S2A4). GST-hnRNP F fusion proteins were affinity-puri-
fied on glutathione-Sepharose (supplemental Fig. S2B) and
used in a GST pull-down assay with either bacterially expressed
S6K2 or EE-p54S6K2 extracted from S6K2 overexpressed cell
lysates. We were unable to co-precipitate S6K2 in both experi-
mental setups. This was an unanticipated finding, because we
expected to detect the interaction in either experimental set-
up. We would like to note that a number of RNA-binding pro-
teins, including hnRNP F, have also been recently identified in

pCEEYE
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association of mTOR with hnRNP
F/H (supplemental Fig. S3).

Our experiments indicate that
the observed associations would
exist as a complex, because immu-
noprecipitation of either hnRNP U,
F/H, or C1/C2 led to co-precipita-
tion of the other investigated
hnRNPs. Furthermore, it has been
reported that hnRNPs exist as a
large protein complex tethered to
RNA (34). To investigate this possi-
bility, we utilized size exclusion
chromatography along with immu-
noprecipitation of hnRNP F/H from
derived chromatography fractions. Three distinct complexes
were observed in these experiments. Immunoprecipitation of
hnRNP F/H from fractions 9—19 indicated a large macromo-
lecular complex consisting of mTOR, S6K2, and hnRNPs in
fraction 9; an intermediate complex of mTOR and hnRNPs in
fractions 11 and 12; and a low molecular weight complex of
hnRNPs F/H, C1/C2, and S6K2. The different compositions of
these complexes indicate dynamic interactions between these
complexes.

Factors that determine the composition of the dynamic
hnRNP-mTOR-S6K2 complexes were further investigated in
this report. The complex comprised of S6K2, mTOR, and

3 0. Pardo, unpublished observations.
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activation is also dependent on the
PI3K and the MAPK pathway. PI3K
activation of the Akt kinase results
in phosphorylation and inhibition
of TSC2 (5), the upstream antago-
nizer of the mTOR function. On the
other hand, p90 ribosomal S6
kinase, a S6K-related kinase down-
stream of MAPK, is able to phos-
phorylate and promote Raptor asso-
ciation with mTOR (16). LY 294002
and PD 098059, inhibitors of PI3K
and MAPK pathways, respectively,
as of rapamycin, reduced mTOR
interaction with hnRNP F/H. In
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indicating differential regulation
of S6K2 and mTOR interaction
with the hnRNPs.

It is possible that mitogen-in-
duced association of mTOR with
the hnRNP-S6K2 complex results in
phosphorylation and subsequent
activation of S6K2. In an active
state, S6K2 might phosphorylate
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FIGURE 6. Regulation of cell proliferation by the mTOR-S6K2-hnRNP F complex. A, rapamycin blocks

novel substrates, including hnRNPs.
Certainly, ongoing studies in our
laboratory indicate that hnRNP U
and C1/C2 are in vitro substrates for
S6K2 (results not shown).

What is the function of the

siRNA

Vector

S6K2+F
S6K2+H

hnRNP F-dependent cell proliferation. Myc-hnRNP F and pcDNA control cells were plated at equal cell numbers
and allowed to grow exponentially in 10% FBS-supplemented DMEM for 48 h. Rapamycin was added at a final
concentration of 25 nm, and the cells were further allowed to proliferate for another 72 h. Total cell
numbers were analyzed by Casy cell counter. The error margins represent the standard errors of the mean.
*,p < 0.05; ***, = p < 0.05. B, overexpression of S6K2 drives cell proliferation. Hek293 cells were trans-
fected with a mammalian expression vector encoding either S6K1 or S6K2 or left untransfected (Untr).
C, siRNA down-regulation of hnRNP F blocks S6K2-driven cell proliferation. Hek293 cells were co-trans-
fected with plasmid DNA encoding S6K2 or the corresponding empty vector (VO), and either scramble
oligonucleotides (Sc) or siRNA targeting hnRNP F or H. B and C, 48 h later, the resulting cells were pulsed
in the presence of BrdUrd and analyzed by flow cytometry. The results shown are representative of at least
three independent experiments where 10,000 cells were analyzed. The error margins represent the stand-

mTOR-S6K2-hnRNP F complex?
Both S6K2 (15) and mTOR (16)
have been reported to regulate cell
proliferation. We therefore hypoth-
esized that hnRNPs may be involved
in cell proliferation regulation
through its interaction with S6K2

ard errors of the mean. ***, p < 0.05.

hnRNP F/H occurred primarily in the nucleus, indicating
nuclear roles of both kinases associated with hnRNPs. Further-
more, we have also shown that this complex is regulated by
upstream signaling pathways previously reported to be essen-
tial for mTOR and S6K2 activation and function. Serum stim-
ulation promoted mTOR binding to the hnRNP complex,
which is shown here to include a constitutively associated S6K2,
but not S6K1. This is further demonstrated by the observation
that inhibitors targeting upstream regulatory signaling path-
ways of the mTOR kinase (and as such S6K) could inhibit the
serum-induced association of mTOR with hnRNP F/H. Rapa-
mycin, a direct inhibitor of mTOR, achieves inhibition by first
associating with FKBP12. Together with FKBP12, rapamycin
binds to the FKBP-rapamycin binding domain and inhibits
mTOR activation (56). The addition of rapamycin to cells led to
the inhibition of mTOR association with hnRNP F/H. mTOR
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and mTOR. Indeed, overexpression

of hnRNP F is able to drive cell pro-
liferation, thus identifying a new physiological role for this
hnRNP. The role of hnRNP F in cell proliferation is further
established in siRNA knockout studies. hnRNP F siRNA-
treated cells both proliferate at a slower rate and incorporate
less BrdUrd as compared with control cells. Surprisingly, nei-
ther overexpression nor siRNA knockdown of hnRNP H is able
to regulate cell proliferation. Although hnRNP F/H were
reported to form heterodimers, with similar functional effects
in splicing control (57), we have demonstrated that in the case
of cell proliferation, only hnRNP F seems to be involved in this
regulation. Because rapamycin is able to inhibit the mTOR-
hnRNP F/H interaction, we used rapamycin in an hnRNP F
overexpression cell proliferation assay to investigate whether
the disruption of the mTOR-hnRNP F association would atten-
uate hnRNP F-driven cell proliferation. Growth of hnRNP
F-overexpressing cells in the presence of rapamycin reduced
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cell proliferation, indicating that the mTOR-hnRNP F interac-
tion is essential for the effect of hnRNP F on cell proliferation.
In extension of this observation, we asked whether hnRNP F
would be involved in S6K2-driven cell proliferation. Indeed,
siRNA knockdown of hnRNP F in S6K2-overexpressing cells
blocked S6K2-driven cell proliferation.

In summary, our results define a novel role for S6K2 and
mTOR by formation of a complex with hnRNPs. This com-
plex is predominantly nuclear and is sensitive to regulators
of the mTOR kinase. We have also identified a novel role for
hnRNP F in cell proliferation, which is dependent on its
interaction with the mTOR kinase. In view of this, it is now
clear that both S6K 1 and 2 are able to perform distinct roles
in the cell nucleus. S6K1 was reported to be associated with
SKAR (S6K Aly, Ref-like) protein. SKAR in turn recruits
S6K1 to the exon junction complex on RNA, whereby S6K1
was able to regulate RNA splicing (25). S6K2, as reported in
this study, is able to interact with hnRNPs in the cell nucleus.
Together with mTOR, this complex is shown here to be
involved in the regulation of cell proliferation. We propose
that the roles of mTOR and S6K2 in cell proliferation are
dependent on their association with hnRNP F and could also
involve other, related hnRNPs.
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